Children of alcoholics (COAs) are at elevated risk to develop alcohol and other substance use disorders. The neurobiological underpinnings of this heightened vulnerability are presently not well understood. This study investigated whether, in humans, COAs have different functioning of the mesolimbic reward circuitry beyond previous substance use confounds and examined potential group differences in neural response in relation to alcohol use and behavioral risk. We studied 20 18-to 22-year-old COAs and 20 controls, developmentally well characterized for substance use and selected to match on sex, age, IQ, lifetime substance use and associated problems, and precursive (ages 12-14 years) externalizing behavioral risk. None met criteria for Diagnostic and Statistical Manual of Mental Disorders IV diagnosis. Neural responses to anticipation of reward and loss were assessed using functional magnetic resonance imaging during a monetary incentive delay task. Overall, COAs showed reduced ventral striatum activation during anticipation of monetary reward and loss compared with controls. However, additional analysis revealed that blunted nucleus accumbens (NAcc) response was only observed in COAs who have not demonstrated any problem drinking behavior. In addition, uniquely in COAs, NAcc activation was positively correlated with precursive externalizing risk, as well as current and lifetime alcohol consumption. These findings suggest a multilevel developmental process whereby lower precursive behavioral risk appears protective of later problem alcohol use in COAs, which is further associated with a blunted NAcc response to incentive anticipation, potentially reflecting a resilience mechanism. Moreover, the results suggest that a close association between motivational responses, alcohol consumption, and behavioral risk may underlie addiction vulnerability in COAs.
Introduction
Alcoholism is a widespread, debilitating disorder that carries high personal and social costs. Individuals transitioning from adolescence to adulthood are especially at risk, because peak 12 month prevalence of alcohol use disorder (AUD) occurs between ages 18 and 23 years (Harford et al., 2005) . In addition, parental alcoholism significantly raises risk for offspring alcoholism (Russell, 1990 ; National Institute on Alcohol Abuse and Alcoholism, 2000) , with heritability estimated at 50% (Goldman et al., 2005) . A number of behavioral risk factors for AUD have been established, of which the most validated is childhood externalizing behavior (Cloninger et al., 1988; Englund et al., 2008; Zucker et al., 2008) . However, the neurobiological correlates of alcoholism risk remain largely unclear, and their relationship to behavioral risk is even less well articulated.
Alcohol, like other drugs of abuse, exerts its reinforcing properties by activating the mesolimbic reward circuitry in the brain (Robbins and Everitt, 1999) . Modulation of this pathway has been postulated as an important substrate underlying the development of addiction (Blum et al., 2000) . Detoxified alcoholics have shown reduced activation in the ventral striatum (VS) during anticipation of monetary incentives relative to controls (Wrase et al., 2007; Beck et al., 2009) , whereas another study found differences during reward notification but not anticipation (Bjork et al., 2008a) . However, the study of addicts in recovery does not allow for differentiation of biological factors existing before addiction and those resulting from chronic drug exposure.
One approach to studying preexisting risk is to explore whether individuals in high-risk populations can be differentiated in the functional response of reward circuitry that may underlie their vulnerability. The present study investigates the neurobiological signature of familial alcoholism using 18-to 22-year old non-addicted offspring recruited from the Michigan Longitudinal Study (MLS) of alcoholic and control families (Zucker et al., 1996) . However, even in a non-addicted sample, previous drug exposure may modulate reward circuitry response (Boileau et al., 2006; Nocjar and Panksepp, 2007) . Children of alcoholics (COAs), as a group, have higher levels of problem drinking and drug use (Sher et al., 1991; Chassin et al., 1999) . The longitudinal nature of the ongoing MLS provided early, precursive measures of drinking and drug use, allowing us to minimize this confound by matching the COA group to the control group on levels of previous substance use.
Mesolimbic reward circuitry activation was probed using a modified monetary incentive delay (MID) task (Knutson et al., 2000) , in which the anticipation period when participants prepared to make a motor response to attain different reward values was studied. We hypothesized that familial AUD vulnerability would relate to disrupted incentive processing in the nucleus accumbens (NAcc). However, controversy exists regarding the expected direction of this alteration. A hypo-responsive reward system may create a reward-deficiency state that drives compensatory, compulsive drug use (Blum et al., 2000) whereas a hyperresponsive system may bias responses toward immediate rewards, thereby heightening vulnerability (McClure et al., 2004; Hariri et al., 2006) . We further investigated the effects of familial risk on these mechanisms as a function of risky alcohol use and explored the relationship between incentive response, early externalizing risk, and alcohol consumption. We hypothesize that NAcc activation during reward anticipation would be related to both variables.
Materials and Methods

Participants
Twenty right-handed COAs (12 males and 8 females; mean age, 20.2 Ϯ 1.2 years; range, 18 -22 years) and 20 controls (12 males and 8 females; mean age, 20.1 Ϯ 1.3 years; range, 18 -22 years) participated in this study. Subjects were participants in the MLS, an ongoing, prospective community study of families with high levels of parental AUD (two-thirds of sample) and at least one 3-to 5-year-old male child, along with a contrast sample (one-third of sample) of families of like composition drawn from the same neighborhoods but without a high substance abuse profile (Zucker et al., 1996 (Zucker et al., , 2000 . Family history positive subjects had one or both parents with a lifetime diagnosis of AUD, with the majority having at least one parent with an active diagnosis during the life of the child. Parental diagnosis was based on Diagnostic and Statistical Manual of Mental Disorders IV criteria and established via multiple face-to-face diagnostic assessments of the parents over the course of the youth's life.
Enrollment into the MLS was based on the father's diagnosis, and mother diagnosis was free to vary. Families in which the mother reported drinking during pregnancy or in which the target child exhibited signs of fetal alcohol syndrome (FAS) were excluded from the original ascertainment. Exclusionary FAS characteristics included prenatal or postnatal growth retardation or both, CNS involvement, and characteristic facial dysmorphology (Sokol and Clarren, 1989; Loukas et al., 2001) . Control subjects had no parental history of any AUDs. The recruitment strategy and assessment procedures of the MLS have been described in detail previously (Zucker et al., 2000) .
The MLS provides long-term characterization of precursive risk beginning in early childhood. From the time of MLS enrollment, all family members are assessed at 3 year intervals with an extensive psychosocial battery of measures assessing temperament, behavioral symptomatology, IQ, school performance, social interaction, etc. During the 11-26 year period, all offspring are also assessed yearly. Given that there were twice as many available offspring from the MLS in the COA sample, we were able to select COAs for this study to match the controls across sex, IQ, levels of alcohol and other drug consumption, alcohol and drug problems, and early adolescent externalizing behavior problems.
Exclusion criteria for subjects in the present study include the following: any neurological, acute, uncorrected, or chronic medical illness; any Axis I psychiatric or developmental disorders; any current or recent (within 6 months) treatment with centrally active medications; a history of psychosis or schizophrenia in first-degree relatives; and a positive urine drug screen on the day of the study. Written informed consent, approved by the University of Michigan Medical School Institutional Review Board, was obtained before the study.
Measures fMRI paradigm.
Brain response during anticipation of incentive stimuli was probed in an fMRI experiment using a modified version of the MID task published by Knutson et al. (2000) . A schematic of the modified paradigm is presented in Figure 1 . Each 6 s trial consisted of four events. First, subjects were presented with an incentive cue (2000 ms) of five possible values (gain of $0.2, $5.0; loss of $0.2, $5.0; or no change $0). This was followed by a 2000 ms anticipation delay. Next, a target appeared for a variable length of time (200 -300 ms), during which subjects made a button-press response in an attempt to gain or avoid losing the money. Subjects were instructed to respond to neutral targets despite the lack of incentive value. A feedback message then informed them of the trial outcome. The incentive trials were presented contiguously in a pseudorandom order. Two runs of the task were performed, each lasting 5 min. A total of 20 trials per each condition were recorded. The duration of the response target was calculated based on the individual subject's reaction time (RT) during a practice session before scanning. The allotted duration was calibrated such that the overall success rate was ϳ60%. Participants were paid a fixed rate to participate in the study and additionally received any money they won during the task.
Alcohol and substance use history and current involvement. Current alcohol and cigarette consumption information (drinks consumed per week and cigarettes smoked per day over the past month) was collected through telephone interview during study recruitment. Drinking and drug use was measured longitudinally using the Drinking and Drug History Form (Zucker, 1991) as part of the MLS protocol. Binge drinking measures included the following: (1) the number of days in the past 6 months (reported at most recent MLS annual assessment) during which the subject had consumed five or more (four or more in the case of females) standard drinks of beer, wine, or liquor; and (2) the maximum number of drinks consumed in 24 h (reported at most recent MLS annual assessment). Participants were also asked how many days they drank in the past 6 months and the 6 months before that, and, on a day when they were drinking, how many drinks they usually had in 24 h over the past 6 months and the 6 months before that. Lifetime drink volume was calculated from these data collected annually since age 11 years as the total number of drinks consumed. Alcohol problem and drug problem scores were the numbers of drinking or drug-related problems (from a possible 37 and 22 items, respectively) ever reported by the subject since the age of 11 years. Marijuana use is defined as the number of occasions the participants reported using marijuana or hashish in the past 12 months reported at the most recent MLS assessment. Number of illicit drugs used is defined as the total number of illicit drugs the participant ever reported using during annual assessments since age of 11 years.
Early adolescent behavioral problems. Externalizing behavior problems were assessed with the Youth Self-Report (YSR) as part of the ongoing MLS. The YSR (Achenbach, 1991) , yields scores on eight narrow-band subscales and two broad-band subscales (externalizing and internalizing behavior) and was completed by each participant when they were between 12 and 14 years old. We focused on this age range because of our interest in how earlier behavioral risk relates to later outcome-both level of drinking and responsivity of reward circuitry. Furthermore, YSR data at this age provide a measure of behavior problems evident before significant drinking and drug use and, for many, before any drug involvement. In the COA group, one participant (5%) had an externalizing problems score in the borderline clinical range. In the control group, one participant scored in the borderline clinical range and one in the clinical range.
Family severity index. This was calculated based on mother and father diagnoses of alcohol abuse or dependence and of other drug abuse (Table  1) . A value of 1 was assigned for each parent with an abuse diagnosis of alcohol or of other drugs; a value of 1.5 was assigned for each parent with an alcohol dependence diagnosis (no other drug dependence criteria were met). This resulted in a possible range of values for COAs of 1 (one parent with alcohol abuse) to 5 (both parents with alcohol dependence and other drug abuse). The actual range was 1.5-5 (mean Ϯ SD, 2.9 Ϯ 1.3).
fMRI data acquisition
Whole-brain blood oxygen level-dependent functional images were acquired on a 3.0 tesla GE Signa scanner (GE Healthcare) using a T2*-weighted single-shot combined spiral in/out sequence (Glover and Law, 2001 ) with the following imaging parameters: repetition time (TR), 2000 ms; echo time (TE), 30 ms; flip angle, 90°; field of view (FOV), 200 mm; matrix size, 64 ϫ 64; in-plane resolution, 3.12 ϫ 3.12 mm; and slice thickness, 4 mm. A high-resolution anatomical T1 scan was obtained for spatial normalization [three-dimensional spoiled gradient recalled echo (3-DSPGR); TR, 25 ms; minimum TE; FOV, 25 cm; 256 ϫ 256 matrix; slice thickness, 1.4 mm]. Participant motion was minimized with the use of foam pads placed around the head along with a forehead strap. In addition, the importance of keeping as still as possible was emphasized during the Informed Consent process and at scanner entry.
Data analysis
fMRI task performance analysis. RT and success rate for each incentive condition were calculated. Mix-effects ANOVA (valence ϫ amount ϫ group) were used to assess performance differences between groups, followed by post hoc pairwise comparisons to determine the source of significant interactions.
Functional data preprocessing. Functional images were reconstructed using an iterative algorithm (Sutton et al., 2003; Fessler et al., 2005) , which is more robust against image distortions caused by off-resonance effects than conventional methods. Subject head motion and sliceacquisition timing were corrected using the FSL 4.0 analysis tools library (Analysis Group, Functional MRI of the Brain, Oxford, UK) (Jenkinson et al., 2002) . Analysis of estimated motion parameters confirmed that overall head motion within each run did not exceed 2 mm translation or 2°rotation in any direction. All remaining image processing was completed using statistical parametric mapping SPM2 package (Wellcome Institute of Cognitive Neurology, London, UK). Functional images were spatially normalized to a standard stereotactic space as defined by the Montreal Neurological Institute (MNI). A 6 mm fullwidth half-maximum Gaussian spatial smoothing kernel was applied to improve signal-to-noise ratio and to account for individual differences in anatomy.
Individual subject statistical maps. Individual analysis was completed using a general linear model. Five regressors of interest (anticipation of win $0.2, win $5.0, lose $0.2, lose $5.0, and neutral $0) were convolved with the canonical hemodynamic response function. Motion parameters were modeled as nuisance regressors to remove residual motion artifacts. Scanner drift and other low-frequency noise were removed from the image time series using a 128 s high-pass filter. Two contrasts of interest, anticipation of reward ($0.2 and $5.0 combined) minus neutral incentive and anticipation of loss ($0.2 and $5.0 combined) minus neutral incentive, were calculated for second-level group analyses. Because the present study only modeled the anticipatory period between cue presentation and motor responding, all subsequent reference to incentive activation refers to activity during the anticipation of reward or loss.
Voxel-by-voxel group analyses. Group statistical maps for reward and loss anticipation versus neutral were calculated using one sample t tests. Independent-sample t tests were used to identify regions in which brain activation differed between groups. Statistical significance was established at false discovery rate (FDR)-corrected p Ͻ 0.05 (Genovese et al., 2002) . For the a priori hypothesized region (NAcc), statistical significance was reported after small-volume correction (SVC) using anatomical masks described below.
Volume-of-interest analyses. To further characterize the NAcc response to incentive stimuli while avoiding circularity of inference (Kriegeskorte et al., 2009 ), we performed anatomical volume-of-interest (VOI) analyses. Anatomical masks for the NAcc were created as specified by Bjork et al. (2008a) . The published Talairach coordinates mapped to [Ϫ10, 13, Ϫ8; 11, 13, Ϫ8] in MNI space (Lacadie et al., 2008) . Five-mm-diameter spherical masks were created using MarsBaR region-of-interest toolbox (Brett et al., 2002) . Figure 3A illustrates the location of the mask at the ventromesial intersection of caudate and putamen (Bjork et al., 2008a) . Masks were individually repositioned up to 1 mm to ensure accurate placement. Visual inspection of each subject's data confirmed that masks were accurately placed on the NAcc. Effect sizes in the VOI for activation during each incentive condition (anticipation of win $0.2, win $5.0, lose $0.2, lose $5.0) over neutral condition (anticipation of $0) were calculated from respective contrast images using MarsBaR region-of-interest toolbox.
The following analyses were performed on these VOI data.
(1) Hemisphere ϫ valence ϫ amount ϫ group mixed-effects ANOVA was performed, followed by post hoc pairwise comparisons to determine the 
Results
fMRI task performance
Because it was the objective of the paradigm to individually calibrate task difficulty to achieve comparable performances, the success rate for each condition did not differ between groups ( 
Whole-brain voxel-by-voxel group analyses Anticipation of monetary reward versus no incentive
Significant regional activations for each group are summarized in Table 2 . Anticipation of reward activated bilateral VS, including the NAcc, in both control subjects and COAs (Fig. 2, top row) . Because the overall task effects of the MID paradigm have been extensively characterized and are replicated by the current results (Knutson et al., 2001; Bjork et al., 2004 Bjork et al., , 2008b Wrase et al., 2007; Carter et al., 2009) , this report will focus instead on novel findings of group differences. Independent-sample t test revealed that COAs had significantly lower activation in the right NAcc compared with controls (MNI coordinates x, y, z ϭ 14, 12, Ϫ8; t ϭ 3.3, FDR-corrected p ϭ 0.02 after SVC) (Fig. 2, top row) . COAs did not show greater activation over controls in any region.
Anticipation of monetary loss versus no incentive
Activated regions for each group are summarized in Table 3 . Anticipation of loss activated bilateral VS in both control subjects and COAs. Independent-sample t test showed that COAs had significantly reduced activation in NAcc (MNI coordinates x, y, z ϭ 14, 10, Ϫ6; t ϭ 3.27, FDR-corrected p ϭ 0.04 after SVC) compared with controls (Fig. 2, bottom row) . No areas of increased activation in COAs with respect to controls were observed.
NAcc VOI
Hemisphere ϫ valence ϫ amount ϫ group ANOVA revealed expected main effects of valence (F (1,38) ϭ 62.0, p Ͻ 0.001; reward Ͼ loss) and amount (F (1,38) ϭ 31.1, p Ͻ 0.001; $5 Ͼ $0.2). There was also a valence ϫ hemisphere interaction (F (1,38) ϭ 5.5, p ϭ 0.03), in which the significant effect of valence was greater in left compared with right hemisphere. A trend for group ϫ valence interaction was also found (F (1,38) ϭ 3.5, p ϭ 0.07). Post hoc comparisons revealed a trend effect of family history in reward trials (COA reward Ͻ control reward, p ϭ 0.07) but no such effect in loss-avoidance trials. Because there were no main effect of hemisphere ( p Ͼ 0.96) and no interaction between hemisphere and group ( p Ͼ 0.1), activation in right and left NAcc were combined for remaining VOI analyses.
VOI correlation analyses
Correlation analyses were conducted with averaged left and right NAcc activation to anticipation of reward and anticipation of loss ($0.20 and $5 combined for each). Results are summarized in Table 4 . Across the entire sample (n ϭ 40), externalizing problems at ages 12-14 years was positively associated with both current and lifetime alcohol consumption (Table 4) . Also, there was a positive correlation between NAcc activation during reward and loss (trend level, p ϭ 0.06) with current alcohol consumption (drinks per week) but not with lifetime drink volume or externalizing problems at ages 12-14 years. Given our interest in the possibility of different relationships for COAs and controls, correlations were further explored in these groups separately and revealed much different findings between the groups. COAs showed strong positive correlations among current drinks per week, lifetime alcohol volume, precursive externalizing risk, and NAcc activation to both reward and loss anticipation. Conversely, controls only showed a trend positive correlation between current drinks per week and externalizing problems, and a negative relationship was found between externalizing problems and NAcc activation. Comparison of correlation coefficients using Fisher's Z transformation revealed significantly stronger positive correlation between variables in COAs compared with controls (Table 4 ). The majority of significant relationships survived correction for multiple comparisons. Figure 3B illustrates the opposing correlations between NAcc activation and early externalizing problems in COAs and controls.
In COAs, the family alcoholism severity index did not correlate with NAcc activation (reward, r ϭ Ϫ0.18, p ϭ 0.44; loss, r ϭ Ϫ0.06, p ϭ 0.81), externalizing behavior problems, or current or lifetime drinking (all p values Ͼ0.2).
Family history ؋ risky alcohol use ANOVA
The relationship between family history and risky alcohol use on NAcc responding were further explored using an ANOVA design, with a grouping on alcohol use that captured not only consumption quantity but also other factors important to AUD risk, such as binge drinking and alcohol-related problems. Substance use information for each subgroup is summarized in Table 5 . In the model for NAcc reward anticipation, there were significant main effects of family history (control Ͼ COA; F (1,36) ϭ 6.5, p ϭ 0.02) and risky alcohol use (high-risk drinkers Ͼ low-risk drinkers; F (1,36) ϭ 5.2, p ϭ 0.03). There was also a significant interaction between family history and alcohol use (F (1,36) ϭ 4.4, p ϭ 0.04; Fig. 4 B) . Post hoc comparisons revealed a significant effect of risky drinking in COAs (low-risk-drinking COAs Ͻ high-riskdrinking COAs; p ϭ 0.003) but not in controls and a significant effect of family history in low-risk drinkers (low-risk-drinking COAs Ͻ low-risk-drinking controls; p ϭ 0.008) but not in highrisk drinkers.
In the model for loss anticipation, there were no main effects of family history or risky alcohol use ( p Ͼ 0.1). There was again a significant interaction between family history and risky alcohol use (F (1,36) ϭ 4.5, p ϭ 0.04; Fig. 4 B) . Post hoc comparisons revealed a significant effect of risky drinking in COAs (low-riskdrinking COAs Ͻ high-risk-drinking COAs; p ϭ 0.009) but not in controls and a trend effect of family history in low-risk drinkers (low-risk-drinking COAs Ͻ low-risk-drinking controls; p ϭ 0.06) but not in high-risk drinkers.
Compared with high-risk-drinking COAs, low-risk-drinking COAs also had lower externalizing problems (low-risk-drinking COAs T score ϭ 39.3 Ϯ 5.0; high-risk-drinking COAs T score ϭ 50.4 Ϯ 8.1; t ϭ 3.3, p ϭ 0.004), whereas there were no differences between any other groups (all p Ͼ 0.18). Finally, there was no difference between low-risk and high-risk COA drinkers in family severity index (low-risk-drinking COAs, 3.1 Ϯ 0.9; high-riskdrinking COAs, 2.8 Ϯ 1.5; t ϭ 0.41, p Ͼ 0.69).
Discussion
Modulation of the mesolimbic reward circuitry has been postulated as an important substrate underlying the development of alcoholism and other drug addiction (Blum et al., 2000; Robinson and Berridge, 2008) . The current study examined the hypothesis that COAs show different reward circuitry responding beyond confounding effects of substance use, which may underlie their increased AUD risk. There were two main findings. First, blunted NAcc incentive response was only observed in COAs who had low alcohol use and related problems. Second, a link between early externalizing risk, NAcc responding, and current and lifetime alcohol consumption was observed in COAs but not controls.
A modified MID task was used to probe reward circuitry response during anticipation period between cue presentation and motor responding. Although both groups showed expected VS activation during anticipation of reward and loss avoidance, COAs demonstrated less right NAcc activation compared with controls. Because there were no behavioral differences between the groups as a result of individually calibrated task difficulty, this activation difference reflects differing responsivity of the saliency-reward system. This blunted motivational response, however, was not supportive of the reward-deficiency syndrome hypothesis of addiction vulnerability (Blum et al., 2000) . Additional analyses revealed a significant family history ϫ risky alcohol use interaction in which reduced NAcc responding was only observed in COAs who had been low drinkers, never binged, and experienced few alcohol-related prob- Figure 2 . Top row, Activation in VS during reward anticipation in control and COA groups and result of independent-sample t test of control Ͼ COA. Bottom row, Activation in VS during loss anticipation in control and COA groups and result of independent-sample t test of control Ͼ COA. Control and COA group activations are displayed at a threshold of p Ͻ 0.05 FDR-corrected. Coordinates of coronal slice displayed were selected based on the peak voxel within the VS in which control Ͼ COA. Color bars represent T scores. lems. High-risk-drinkingCOAsrespondedatthesamelevelascontrols, whoshowednodifferentialresponseacrossdrinkingrisklevels.Furthermore, low-risk-drinking COAs who showed blunted NAcc response also had fewer precursive externalizing problems than high-riskdrinking COAs. The two COA groups did not differ in family severity index, indicating that these effects were not explained by the extent of liability within the nuclear family. Therefore, our results suggest that a lesser NAcc responsiveness to incentives may reflect a resilience mechanism, reducing risk for AUD development in COAs. Early externalizing problems have consistently been identified as a risk factor for alcoholism (Cloninger et al., 1988; Zucker et al., 2008) . Indeed, across our entire sample, externalizing problems in early adolescence were correlated with both current and lifetime alcohol consumption. Our results further revealed a positive association among externalizing problems, current and lifetime alcohol use, and NAcc activation that was unique to COAs. Therefore, although control and COA groups were matched on early externalizing behavior and alcohol consumption, they differed in the relationship between these variables and NAcc response to incentive anticipation. It is of interest to note that, although externalizing behavior scores at time of scanning were missing from 20% of COAs and 5% of controls, analysis of this incomplete dataset revealed consistent findings of significant positive associations between current externalizing behavior, alcohol use, and NAcc activation in COAs but not controls. This suggests that a close association of behavioral risk, alcohol consumption, and motivational mechanisms may underlie addiction vulnerability in COAs. The absence of such systematic associations in controls may be a reflection of their lower overall AUD risk compared with COAs, which likely involves a more heterogeneous distribution of risk factors.
The current finding of a positive correlation between NAcc incentive activation and alcohol consumption in COAs may be interpreted in different ways. It may be driven by predisposed differences in reward circuitry reactivity. Alternatively, this may reflect a sensitization of reward circuitry after alcohol exposure, suggesting that COAs may be more susceptible to the modulating effects of alcohol on reward circuitry responding than controls. A recent study showed that healthy adults with a family history of alcoholism reported increased stimulating effects of alcohol and increased "wanting" and "liking" compared with controls with similar levels of current alcohol use (Söderpalm Gordh and Söderpalm, 2011). Prospective studies are needed to test these hypotheses. The finding of an opposite relationship between NAcc incentive activation and externalizing behavior in COAs versus controls was unexpected. However, Galvan et al. (2007) demonstrated opposing correlations between NAcc activation to reward and anticipated positive and negative consequences of risk-taking. Specifically, anticipated positive consequences correlated positively with NAcc activity, whereas anticipated negative consequences correlated negatively. Therefore, the opposite correlations found here between control and COA groups may relate to differences in their expectations about the outcomes of their externalizing behavior. This hypothesis requires additional exploration in future studies that include measures of the anticipated outcomes of behaviors.
The present findings also raise the important issue of individual variability of AUD risk in COAs and its relations to reward circuitry response. Transmission of familial liability factors can occur via multiple genetic effects (Goldman et al., 2005) , as well as environmental effects associated with alcoholic households (Zucker et al., 2008) . It has been shown that parental AUD history moderates the effect of dopamine transporter (DAT1) gene 10-repeat allele on increased alcohol problems in males, with the effect present only in those with an alcoholic father (Vaske et al., 2009 ). Furthermore, a recent study found a positive association between VS activation to reward anticipation and trait reward sensitivity in homozygote carriers of DAT110-repeat allele but not in other allele carriers (Hahn et al., 2011) . These studies, along with the current findings, illustrate a complex interplay of genetic and environmental effects, reward-related personality traits, and reward circuitry functioning in relation to differential transfer of familial risk. Although it is beyond the scope of the current study, this will be important to investigate in future studies.
The direction of the present findings differs from that observed in adult alcoholics. Detoxified alcoholics showed reduced activation in the VS during anticipation of monetary incentives but increased activation to alcohol cues that was further associated with increased alcohol craving (Wrase et al., 2007) . Past drug exposure has been shown to modulate subsequent motivational response in animal and human models (Wyvell and Berridge, 2001; Boileau et al., 2006; Nocjar and Panksepp, 2007) . The findings in older alcoholics may therefore suggest a bias in reward system responsivity toward alcohol-related stimuli after continued alcohol use. More recently, an association between VS activation to incentive anticipation and self-reported impulsivity has been found in detoxified alcoholics but not in controls (Beck et al., 2009 ). This supports the hypothesis that the relationship between VS responding to incentive anticipation and behavioral risk may differ for those vulnerable to addiction.
In a sample of 12-to 16-year-old COAs and controls, Bjork et al. (2008b) found no difference in monetary incentive response between the groups. The difference from current findings may be attributable to the developmental period at which subjects were investigated. An emerging literature supports developmental changes in reward circuitry reactivity through the adolescent years. VS response to reward anticipation was shown to increase from adolescence to adulthood (Bjork et al., 2004 (Bjork et al., , 2010 . A developmental effect has also been observed in the association between NAcc response during monetary reward anticipation and expectation of positive or negative consequence of risk-taking behavior (Galvan et al., 2007) . Specifically, anticipated positive consequences were associated with more NAcc activation and greater likelihood of engaging in risky behavior in adults, whereas in children an association was found between anticipated negative consequences, lesser NAcc activation, and lesser likelihood of engaging in risky behavior. Associations in both directions were found in adolescents, suggesting a developmental shift in anticipation of consequences and related modulation of NAcc responsivity during this interval. The differences in NAcc responses found in the present study may not have emerged until late adolescence/early adulthood-a critical period in development when alcohol use and AUD prevalence reach their highest levels (Grant et al., 2004; Substance Abuse and Mental Health Services Administration, 2006) . Prospective longitudinal studies are needed to investigate this possibility.
A limitation of this study is its relatively small sample size (n ϭ 40), based on a priori selection of subjects from a larger sample to allow for accurate matching. A larger sample would allow for more accurate characterization of associations within individual groups. In addition, the current study focused on early externalizing problems (age 12-14 years) as a precursive behavioral measure before significant drinking and drug use. Future studies will be necessary to determine how current levels of externalizing problems and incentive responding may be linked in relation to risk and resilience.
The present study demonstrates a close association between NAcc activation to incentive anticipation, precursive behavioral risk, and alcohol consumption that is unique to COAs. The differences in correlations, along with a significant interaction between family history and alcohol use, show that the relationship between reward circuitry response and AUD risks differs between COAs and controls. The consistent findings across reward and loss anticipation is of additional significance because growing evidence suggests that motivational salience rather than valence/ hedonic effects is a key substrate in addiction development (Robinson and Berridge, 2008) . Together, our findings suggest a multilevel dynamic process whereby a blunted NAcc response to incentive anticipation is related to lower precursive behavioral risk and is further associated with lesser alcohol use and related problems in COAs, potentially reflecting a resilience mechanism. Future prospective studies with larger groups of resilient and at-risk COAs and controls will help to confirm and expand these initial observations. 
